I n contrast to the inward rectifier K + (K ir ) channels that underlie the acetylcholine-dependent, G-protein-gated current (I KACh / I GIRK ) and the background K + -conductance (I K1 ), relatively little is known concerning the role of ATP-sensitive K + (K ATP ) channels in atrial tachyarrhythmia (AT). [1] [2] [3] The availability of the K ATP channel current and the expression of the associated pore-forming α-subunit, K ir 6.2, is reduced in chronic human atrial fibrillation (AF), suggesting that K ATP channels do not contribute to the electric remodeling of chronic AF. 4, 5 The K ATP channel is formed as a hetero-multimeric complex of K ir 6.2 with a sulfonylurea receptor (SURx) regulatory β-subunit. 6 Binding of ATP to K ir 6.2 results in channel inhibition whereas binding of Mg 2+ -ADP to SURx activates the channel. 6 mRNA for K ir 6.1, K ir 6.2, SUR1, and SUR2A have been shown to be expressed in rat atrium. 7 There is evidence from genetically modified mice of differences in the SURx subunit composition of atrial and ventricular K ATP channels, with SUR2A suggested to be the predominant subunit in the ventricles whereas SUR1 is essential for the formation of atrial K ATP channels. 6, 8 On the other hand, more recent data indicate that SUR1 may not predominate over SUR2A in the human atrium. 9 the resting membrane potential, shortening action potential duration (APD), and thereby reducing Ca 2+ influx leading to the conservation of energy stores. 6, 10 More recently, data from K ir 6.2-knockout mice have led to the suggestion of a physiological role for K ATP channels in contributing to the cardiac adaptation during adrenergic stress. 10 The identification of a loss-of-function mutation in the SUR2A isoform of the SURx in a middle-aged patient with adrenergic AF has led to the suggestion that K ATP channels protect against adrenergic AF and implies a role in the adaptive response to adrenergic stimulation of the atria similar to that proposed for the ventricles. 10, 11 Consistent with this view, the β-adrenergic agonist, isoproterenol (ISO), was shown to induce AF in Langendorff-perfused hearts from K ir 6.2 −/− mice. 11 However, it is well established that the opening of K ATP channels in the ventricles during metabolic challenge can also be proarrhythmic, with ST-segment abnormalities of the ECG, spatially heterogeneous shortening of APD, increased dispersion of refractoriness, and the generation of regions of inexcitability and conduction block promoting re-entrant tachyarrhythmias and fibrillation. 6, [12] [13] [14] [15] Perhaps surprisingly, given the potential involvement of K ATP channels in the genesis and maintenance of arrhythmia, there is currently very little information about the role of K ATP channels in the atria in comparison with the ventricles. 12 Therefore, the aim of this study was to examine the role of K ATP channels in the electrophysiological responses of the intact left atrium (LA) to metabolic challenge through β-adrenoceptor stimulation.
Methods
Full details of methods are available in the online-only Data Supplement.
Animal Procedures
All procedures were in accordance with the United Kingdom Animals (Scientific Procedures) Act (1986). Hearts were excised from adult male rats (200-250 g) under general anesthesia (80-100 mg/kg sodium pentobarbital, IP), mounted on a whole-heart perfusion apparatus, perfused retrogradely at a rate of 8 mL·min −1 .g −1 heart weight via the aorta with a Krebs' Henseleit solution, unipolar atrial electrograms and ECG were recorded and atrial effective refractory period (AERP), conduction velocity (CV) and AT-inducibility were measured, as described previously. 16 The wavelength of excitation (WL) was calculated as AERP×CV.
Langendorff Perfusion
The concentration-dependence of effects of ISO on AERP, CV, and AT-inducibility were examined in 26 hearts (data shown in Figures 1  and 2 ). Hearts were perfused with control solution and, after an equilibration period, AERP and CV were measured at cycle lengths (CL) of 150, 100, and 75 ms. Burst-pacing was then applied to test for ATinducibility. Each heart was then perfused with a single concentration of ISO of either 10 -9 (n=5), 10 -8 (n=6), 10 -7 (n=6), 10 -6 mol/L (n=6), or 3×10 -6 mol/L (n=3) and, once a steady-state had been achieved, the measurements were repeated at each CL and AT-inducibility was tested again. The concentration-dependence of the effects of the sulfonylurea and glibenclamide (GLIB), in the presence of ISO, was examined in 25 hearts using a similar paradigm. In this case, after AERP, CV, and AT-inducibility measurement in control solution, hearts were perfused with 10 -6 mol/L ISO, measurements repeated, and then, in the continued presence of ISO, the hearts were perfused with GLIB at a single concentration of either 10 -7 (n=6), 10 -6 (n=6), 3×10 -6 (n=6), or 10 -5 mol/L (n=7) and the measurements were repeated once again. The effects of 10 -3 mol/L tolbutamide (TOLB) were examined at a single CL of 100 ms in the presence of 10 -6 mol/L ISO in 6 hearts after a similar paradigm. AERP, CV, and AT-inducibility were not altered during time-matched to experiments involving 2 sequential changes of solution (n=8; data not shown).
Data Analysis and Statistics
Data are presented as mean±SEM. All parametric data were subject to D'Agostino and Pearson omnibus normality test. Data examining the effect of drug treatment on AERP and CV (ie, Figure 1A (Table) were analyzed by either paired Student t test or 1-way RM ANOVA with Bonferroni multiple comparisons tests (3 comparisons). P<0.05 was considered statistically significant.
The percentage inhibition of AERP and CV was calculated using equation 1:
(1) where control represents the control value of AERP or CV, drug represents the corresponding value of AERP or CV in the presence of drug. The concentration-dependence of the percentage inhibition was fitted with equation 2 by nonlinear least squares:
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Results
Under control conditions, AERP, CV, and WL showed a dependence on CL ( Figure 1 ). Perfusion with the ISO at concentrations of 10 -9 mol/L and above resulted in a significant reduction of AERP in a concentration-dependent fashion ( Figure 1A ). The ISO-dependent shortening of AERP was concentration dependent, with an EC 50 of 2.71×10 -8 mol/L at CL=150 ms ( Figure 1D ). CV was significantly slowed by perfusion with ISO at concentrations of ≥10 -7 mol/L ( Figure 1B ) and the EC 50 at CL=150 ms was 6.45×10 -8 mol/L ( Figure 1E ). There was no significant interaction between CL and drug treatment in the effects on either AERP or CV in 2-way RM ANOVA. Moreover, there were no significant differences in the EC 50 s at different CL (online-only Data Supplement Table I ).
The effects of ISO on AERP and CV were reflected in a marked shortening of WL at concentrations of ≥10 -8 mol/L ( Figure  1C ). Because shortening of WL might lead to a substrate for re-entry, the effect of ISO on AT-inducibility was investigated. Under control conditions it was not possible to induce AT in the Langendorff-perfused rat hearts either through whereas AT was induced in just 1 of 5 hearts perfused with 10 -9 mol/L ISO, in 4 of 6 hearts perfused with 10 -8 mol/L ISO, and in all hearts perfused with an ISO concentration of ≥10 -7 mol/L ( Figure 2B ). Notably, WL strongly correlated with CL during paroxysms of AT ( Figure 2C ) and was inversely correlated with AT duration ( Figure 2D ). Taken together, these data demonstrate that ISO caused a concentration-dependent shortening of the WL of excitation that was associated with a substrate for tachyarrhythmia. The sulfonylurea, GLIB, was used as a pharmacological tool to investigate the contribution of K ATP channels to the responses of the perfused hearts. GLIB (10 -5 mol/L) was without effect on baseline AERP, CV, or WL, indicating both that K ATP channels did not contribute to atrial refractoriness or excitability under control conditions in Langendorff-perfused hearts and that GLIB was without nonselective effect on other currents underlying atrial electrophysiology ( Figure 3 ). Unsurprisingly, therefore, AT-inducibility was not increased by perfusion with the K ATP channel blockers (data not shown). In addition, GLIB had no significant effect on either the RR, QT, or QT c intervals during spontaneous activity at the sinus rate (Table) , demonstrating the lack of contribution of K ATP channels to either sinus pacemaking or ventricular repolarization in the perfused hearts. Because GLIB has been suggested to inhibit G-protein-gated inward rectifier K + channel (GIRK) and background inward rectifier channels and there is evidence that β-adrenoceptor stimulation potentiates the background K + -conductance and a constitutively active form of I GIRK , [17] [18] [19] the effects of GLIB on the K ir currents in human embryonic kidney 293 cells stably transfected with either K ir 2.1 or K ir 3.1/3.4 were examined. GLIB (10 -5 mol/L) had no significant effect on the inward rectifier currents through either hK ir 2.1 (3.7±1.7% inhibition, n=5) or rK ir 3.1/3.4 (3.6±3.3% inhibition, n=6) channels.
In contrast to control perfusion, GLIB (10 −7 to 10 −5 mol/L) inhibited the ISO (10 -6 mol/L)-induced changes in atrial electrophysiological parameters in a concentration-dependent fashion (Figure 4 ). In the presence of ISO, the mean AERP values were prolonged by each concentration of GLIB examined ( Figure 4A ). Interestingly, the slowing in CV induced by 10 -6 mol/L ISO was reversed by GLIB (≥10 -6 mol/L) such that the CV values in the presence of 10 -5 mol/L GLIB at CL of 100 ms and 150 ms were faster than the corresponding control values ( Figure 4B ). In consequence, the WL in the presence of 10 -6 mol/L ISO and 10 -5 mol/L GLIB were longer than control ( Figure 4C ). The ISO-induced changes in AERP ( Figure 4D ) and CV ( Figure 4E ) were concentration dependently inhibited by GLIB with IC 50 s of 5.37×10 -7 mol/L and 1.16×10 -6 mol/L, respectively. There was no interaction between CL and drug treatment and there were no significant differences in the IC 50 s of GLIB at different CL (online-only Data Supplement  Table II ). The lengthening of WL induced by GLIB led to a reduction in AT-inducibility in the presence of ISO: Perfusion with ISO (10 -6 mol/L) resulted in AT being induced in 23 out of 24 hearts (95% of hearts). Subsequent perfusion with GLIB in the continued presence of ISO reduced the ISO-induced increase in AT-inducibility in a concentration-dependent fashion over the same range of concentrations of the sulfonylurea as were effective in lengthening WL (10 -7 to 10 −5 mol/L) ( Figure  5A ). AT-inducibility was reduced to 66% (4 of 6 hearts) after perfusion with 10 −7 mol/L GLIB and to 17% (1 of 6 hearts) by 10 -6 mol/L GLIB ( Figure 5A ). AT could not be induced at all in the presence of the sulfonylurea at 3×10 -6 mol/L or at 10 -5 mol/L ( Figure 5A ). TOLB is an alternative sulfonylurea that has been shown to prevent ventricular tachyarrhythmia and to block K ATP channels in human atrial myocytes at millimolar concentrations. 20,21 TOLB (10 -3 mol/L) was found to abolish the 10 -6 mol/L ISO-dependent increase of AT-inducibility (ISO, 5/6 hearts; ISO+TOLB, 0/6 hearts; P=0.0076). AERP, measured at a CL of 100 ms, was reduced by ISO from 67.3±3.0 ms to 41.3±3.1 ms (n=6, P<0.0001). In the presence of ISO, AERP was prolonged by TOLB from 41.3±3.1 ms to 53.7±3.7 ms (n=6, P=0.0033). In separate experiments, TOLB had no effect on AERP in the absence of ISO (control, 67.8±1.9 ms; TOLB, 71.3±3.1 ms; P=0.0900).
To examine the modulation of sinus node pacemaking and ventricular repolarization by β-adrenoceptors, and the possible contribution of nodal and ventricular K ATP channels therein, the effects of ISO and of GLIB on the RR and QT intervals of ECG were investigated. Perfusion with ISO (10 -6 mol/L) produced a marked positive chronotropic response reflected in a significant shortening of the RR interval (Table) . Perfusion with ISO also resulted in a shortening of the uncorrected QT interval (Table) . However, the rate-corrected QT c interval was not affected by the β-adrenoceptor agonist ( Table) , indicating that the shortening in QT interval caused by ISO could be accounted for by heart rate-dependent shortening of the QT interval. Most notably, GLIB (10 -5 mol/L) had no significant effect on RR interval or on the uncorrected QT and rate-corrected QT c intervals, consistent with a lack of contribution of K ATP channels to either sinus node activity or to ventricular repolarization in the presence of ISO. As with GLIB, TOLB also did not affect pacemaking or ventricular repolarization (online-only Data Supplement Table III ). The data are consistent with a lack of effect of either sulfonylurea on sinus nodal and ventricular ion channels in the presence of ISO. Most significantly, taken together, these data indicate that β-adrenoceptor agonism resulted in the activation of atrial, but not of ventricular, K ATP channels.
The effect of β-adrenoceptor stimulation on tissue ATP concentrations was investigated in LA and LV apex samples taken immediately after Langendorff perfusion with either control Krebs' Henseleit solution or Krebs' Henseleit solution containing 10 -6 mol/L ISO. In comparison with time-matched controls, 30 minutes perfusion with ISO resulted in significant reduction of [ATP] in the LA (Figure 6 ). In contrast, ISO had no significant effect on [ATP] in LV tissue ( Figure 6 ). These data demonstrate that perfusion with ISO resulted in severe LA metabolic stress.
The action of ISO on atrial K ATP channel currents was investigated by whole-cell recording from isolated rat LA myocytes using conditions suitable for the surveying of background K + -currents (Figure 7) . 22 Excitation-contraction coupling was inhibited by the inclusion in the pipette of the Ca 2+ -chelator, BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid). After a prepulse (−40 mV), a step depolarization to +20 mV (100 ms) elicited a transient inward current that decayed to a steady-state outward current level by the end of the pulse ( Figure 7B) . A descending voltage-ramp from +20 mV to −120 mV (500 ms) allowed the instantaneous current-voltage relation for the background conductance to be obtained ( Figure 7C ). Mean outward current densities at +20 mV are shown in Figure 7D . Although the transient inward currents were increased by ISO, consistent with an increase in L-type Ca 2+ current (I Ca,L ), β-adrenoceptor-agonism had no statistically significant effect on the background currents. However, metabolic inhibition (MI) with NaCN (10 -3 mol/L) and 2-deoxy-glucose (10 -2 mol/L) resulted in a marked increase in the background conductance, which became linear ( Figure 7C ). The mean current density at +20 mV was increased >23-fold ( Figure 7D ). Subsequent superfusion with the K ATP channel blocker, GLIB (3×10 -6 mol/L), in the continued presence of MI resulted in a marked reduction in the outward current at +20 mV. The GLIB-sensitive difference current reversed at −91.1±1.32 mV, demonstrating the involvement of K + -selective channels in this current. Thus, under these recording conditions, ISO does not activate K ATP currents directly. However, substantial GLIB-sensitive currents could be activated after MI in these cells. Taken together, the data of the present study indicate that the activation of atrial K ATP channels after β-adrenoceptor stimulation in Langendorffperfused hearts involves severe metabolic stress and depletion of intracellular ATP levels rather than being through the direct modulation of K ATP channel gating.
Discussion
This study provides evidence for the first time that metabolic stress arising from β-adrenoceptor stimulation produces a substrate for AT in the intact atria of structurally normal hearts. The ISO-induced substrate for arrhythmia could be completely reversed by coperfusion with a sulfonylurea, consistent with the notion that activation of the sarcolemmal K ATP channel in response to metabolic stress underlies the electrophysiological response to β-adrenergic stimulation of the LA of Langendorff-perfused hearts.
Selectivity of Sulfonylurea Action
The data in the present study are consistent with a selective action of sulfonylurea on sarcolemmal K ATP channels activated after perfusion with ISO. The concentrations of GLIB and of TOLB effective in inhibiting the ISO-induced changes in atrial electrophysiology corresponded to those shown previously to be effective at reducing ischemia-induced shortening of the ventricular action potential and ventricular fibrillation in perfused rat hearts. 20, 23 For example, the ISO-induced shortening of WL and AT-inducibility were significantly reduced by 10 -6 mol/L GLIB and were completely reversed by a 3-fold higher concentration of the sulfonylurea (Figures 4C and 5A ). GLIB has been reported to inhibit other cardiac ion currents including, I K1 , I GIRK , I Ca,L , the transient outward K + current, the ultrarapid delayed rectifier K + current, a protein kinase A-dependent Cl − current, and the Na + pump. 17, [24] [25] [26] However, in the present study when GLIB or TOLB were applied at high concentration (10 -5 mol/L or 10 -3 mol/L, respectively), they had no effect on baseline atrial or ventricular electrophysiological parameters. GLIB had no effect on recombinant K ir 3.1/3.4 and K ir 2.1 channels. Moreover, neither sulfonylurea had any effect on sinus rate or on ventricular repolarization in the presence of ISO (Table and online-only Data Supplement Table III) . Although GLIB has been reported to have nanomolar affinity for cardiac SURx, the efficacy of the drug is limited during metabolic stress. 27, 28 This may account for the incomplete inhibition by 3×10 -6 mol/L GLIB of the atrial K ATP channel currents activated by MI (Figure 7) . Thus, taken together, these data demonstrate that nonspecific effects of the sulfonylureas on cardiac ion currents other than K ATP channels had no effect on atrial or ventricular electrophysiology at the concentrations used in this study. Although GLIB has been shown also to inhibit mitochondrial K ATP channels, 29 the effects of the sulfonylurea on AERP and CV implicate atrial sarcolemmal K ATP channels in the responses to ISO. For example, the reduction in AERP during perfusion with the β-adrenoceptor agonist is likely to have resulted from shortening of APD attributable to increased outward current through GLIB-sensitive sarcolemmal K ATP channels. Similarly, the slowing of CV is likely to be attributable to an increase in the K + -selective conductance of the resting sarcolemmal membrane leading to a reduction in membrane excitability: the increased membrane K + -conductance resulting from activation of the K ATP channel can be considered as an increased sink for the source current, resulting in a reduction in CV. 13 Presumably, the increase in CV above control values at all CLs after perfusion with 10 -5 mol/L GLIB in the continued presence of 10 -6 mol/L ISO ( Figure 4B ) reflected the β-adrenergic potentiation of cardiac voltage-gated Na + current (I Na ) and I Ca,L . [30] [31] [32] Similarly, the lesser potency of ISO in the slowing of CV compared with the reduction of AERP is likely to be the result of the concomitant potentiation of I Na and I Ca,L by β-adrenergic pathways ( Figure 1B) . Thus, taken together, the effects of GLIB seen here were specific to the inhibition of atrial sarcolemmal K ATP channels activated in the presence of ISO.
Mechanism of Atrial K ATP Channel Activation
Interestingly, Findlay et al, 33 working with isolated multicellular rat LA and pulmonary vein sleeve preparations, have recently demonstrated a sustained hyperpolarization of the resting membrane potential in response to selective β-adrenoceptor stimulation, consistent with a β-adrenoceptormediated increase in K + -selective background conductance. Moreover, ISO has been reported to shorten APD in LA from normal mice. 34 However, in the present study, the atrial myocyte K + -conductance was not increased by ISO, although the ISO-mediated increase in peak inward current indicates that β-adrenoceptor pathways were intact in these cells. On the other hand, MI resulted in a profound increase in background K + -conductance, which could be largely inhibited by K ATP channel blockade. Thus, activation of β-adrenergic-signaling pathways alone does not lead to the activation of atrial K ATP channels although β-adrenoceptor-activation may potentiate the effects of ATP depletion. 19 The markedly reduced LA [ATP] after perfusion with 10 -6 mol/L ISO indicates that substrate delivery in the perfused hearts was insufficient to meet the increased metabolic demand during β-adrenergic stimulation at the agonist concentration tested, resulting in metabolic stress. 13, 35, 36 Thus, the present study provides evidence for the activation of atrial sarcolemmal K ATP channels in response to β-adrenergic metabolic stress and is consistent with the well-established opening of K ATP channels in the ventricles in response to hypoxia or substrate deprivation. 6, 10, 13 Conversely, the lack of effect of GLIB in the absence of ISO indicates that substrate delivery was sufficient to meet metabolic demand under control conditions. Presumably, the ISO-induced increase in metabolic demand arose from the augmented activity of myosin ATPase and membrane ion transporters (eg, sarcoplasmic reticulum Ca 2+ and Na + / K + -ATPases) associated with the positive inotropic action of β-adrenergic stimulation. 36 Consistent with this hypothesis, the concentration-dependence of ISO-induced changes in AERP and WL corresponded well with the positive inotropic action of the β-adrenoceptor agonist. 37 Although the positive inotropic action of ISO in the rat atrium is reported to be entirely accounted for by β 1 -adrenoceptors, a role for β 2 -adrenoceptors in atrial K ATP channel activation cannot be entirely ruled out. 37, 38 Conversely, β 3 -adrenoceptors are negatively inotropic in the rat heart and may have attenuated the ISO-induced metabolic-stress. 39
Ventricular K ATP Channels Were Not Activated
In the present study, neither GLIB nor TOLB had any effect on ventricular repolarization, indicating that ventricular K ATP channels were not activated during perfusion with ISO. This is contrary to the putative pivotal role for cardiac K ATP channels in the physiological adaptation to adrenergically mediated increase in myocardial metabolic demand. 10 On the other hand, the data are entirely consistent with numerous studies indicating that the activation of ventricular K ATP -channels requires severe metabolic stress, presumably reflecting the buffering of cytosolic ATP concentration changes by phosphotransfer and glycolytic enzymes. 6, 13 As, unlike the LA, the reduction of [ATP] in the LV apex after perfusion with ISO was not statistically significant, presumably the β-adrenergic-increase in metabolic demand was not sufficient to result in metabolic stress in the LV of the Langendorff-perfused hearts. Thus, the data of the present study are consistent with the activation of cardiac K ATP channels during metabolic stress involving changes in tissue [ATP], but not through increased metabolic demand alone. 6, 10, 13 The induction of metabolic stress in the LA but not the LV is likely to be attributed to differences in O 2 and substrate delivery to the 2 tissues (see online-only Data Supplement). Although under control conditions perfusion was clearly adequate to meet the metabolic demand of both the LV and LA, the increase in metabolic demand with ISO appears to have resulted in significant metabolic stress in the LA but not the ventricle. In addition to atrial-ventricular differences in the ISO-induced reduction of [ATP], the lower sensitivity to metabolic stress of ventricular compared with atrial K ATP -channels, possibly attributable to differences in SURx subunit composition, may have also contributed to the atrio-selective action of β-adrenergic stimulation on atrial electrophysiology in the present study. 8, 40 Involvement of Re-Entrant Mechanisms β-adrenoceptor stimulation has frequently been associated with atrial-triggered activity and may involve modulation of Ca 2+ handling. 41 Furthermore, glycolytic inhibition has been associated with triggered activity in the LA of Langendorff-perfused hearts from aged rats. 42 However, the data of the present study are entirely consistent with a re-entrant mechanism: The ISO-induced increase in ATinducibility correlated with the reduction in WL ( Figure 1E ). There was also a close correlation between ISO-induced changes in WL and CL during AT ( Figure 1D ). Moreover, the GLIB concentration-dependent reduction in AT-inducibility appeared to correlate with the GLIB-dependent lengthening of WL, although this was not statistically significant (Figure 5B) . Taken together, these observations indicate that the shortening of AERP and WL played a fundamental role in the AT-inducibility during β-adrenergic stimulation and that prolongation of AERP and WL by GLIB underlies the antiarrhythmic action of sulfonylurea. Two very recent reports are consistent with the proposal that atrial K ATP channel activation produces a substrate for AT and AF: The SUR2A-selective K ATP channel opener, pinacidil, shortened atrial APD and increased AT-inducibility in a coronary-perfused preparation of human right atrial and right ventricular free wall. 9 In addition, atrial electric remodeling and increased AF-inducibility in a mouse model of salt-induced hypertension has been shown to be associated with increased GLIB-sensitive atrial K ATP channel current and expression of SUR1. 43 Moreover, a substrate for re-entry attributable to β-adrenergic shortening of APD has been demonstrated in a canine atrial preparation. 44 In summary, the present study demonstrated that activation of atrial sarcolemmal K ATP channels through β-adrenergic metabolic stress resulted in a substrate for AT involving shortening of the AERP and WL and provides evidence in support of the suggestion that the K ATP channel may represent a target for antiarrhythmic therapy in AF. 1, 12 Further studies are warranted to establish the mechanism of K ATP channel activation in the atrium and its contribution to a substrate for arrhythmia during increased metabolic demand with physiological oxygen tension and substrate delivery.
